Keywords: sea urchin egg/microtubuleheterogeneity/mitotic apparatus/tubulin isotypes/hexyleneglycol/colcemid ABSTRACT. In the mitotic sea urchin egg, the spindle microtubules were composedof different tubulin isotypes from those of astral microtubules using monoclonal antibodies [Oka et al. (1990) Cell MotiL Cytoskeleton, 16, 239-250]. Three of the antibodies, D2D6, DM1B,and YL1/2, were specific for spindle microtubules, astral microtubules and reactive with both microtubules, respectively. The mitotic sea urchin egg was treated with microtubule depolymerizing (colcemid and nocodazole) and stabilizing (hexylene glycol) drugs and change in the heterogeneous distribution of the tubulin isotypes was investigated by the immunofluorescence procedure using these three monoclonal anti-tubulin antibodies. Weobserved that: (1) the microtubule depolymerizing drugs caused quick depolymerization of most mitotic microtubules, and a small number of spindle microtubules remaining were stained with all three antibodies; (2) hexylene glycol induced many microtubules in the mitotic apparatus, which was stained with D2D6but was not stained with DM1B;(3) hexylene glycol also induced a great number of miniasters in the cytoplasm, and they were stained with three antibodies. These results suggest that these drugs altered the distribution of tubulin isotypes in the mitotic microtubules during depolymerization or polymerization within a short time.
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During cell division of echinoderm eggs, the spindle and asters of the mitotic apparatus play their own roles in both karyokinesis and cytokinesis as follows. The spindle forces chromosomes to align in the equator during prometaphase and to separate into two sister chromatid groups toward the spindle poles during anaphase (anaphase A), whereas the asters pull the poles apart during anaphase (anaphase B) (14, 16) and establish a furrow to the equatorial cortex to divide the cytoplasm into two daughter cells (22) . The spindle and asters are mainly composed of microtubules. Therefore, it is important to determine the relationship between the structure and function of microtubules in dividing cells. Recently we reported that some tubulin isotypes of the spindle are different from those of the aster (19). However, the biological significance of the heterogeneous distribution of tubulin isotypes is not yet clear in the mitotic cell. On the other hand, it is known that in the interphase cell, stability of microtubules was dependent on their tubulin isotypes (17, 20) and that functionally differentiated microtubules were composed of different isotypes (1, 2).
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It is well knownthat somemitotic poisons affect the polymerization of tubulin and the stability of microtubules, which results in inhibition of mitosis. Colcemid and nocodazole depolymerize microtubules and hexylene glycol stabilizes microtubules. Using these drugs, characteristics of microtubules such as microtubule dynamics and microtubule organizing activity have been investigated, especially in living cells (for a review, see ref. 5). Rapid depolymerization and polymerization of mitotic microtubules were also shownin the egg treated with microtubule depolymerizing and stabilizing drugs (6, 7, ll, 13, 23, 26, 27) . In orderto studythe controlling mechanism of heterogeneous distribution of tubulin isotype in microtubules and the relationship between the distribution and microtubule function in the mitotic apparatus, sea urchin eggs were treated with those mitotic poisons and the heterogeneous distribution of tubulin isotypes was examined by indirect immunofluorescence. For detecting the heterogeneity, we used three kinds of monoclonal anti-tubulin antibodies which stained the mitotic apparatus in three different patterns, as described previously (19) . In this study, we report that the heterogeneous patterns of the mitotic apparatus stained with the anti-tubulin antibodies, as well as its morphology, were altered by the treatment with the mi-totic poisons.
MATERIALS AND METHODS
Drugs. Colcemid dissolved at 1 mMin deionized water, and nocodazole dissolved at 20 mMin dimethylsulfoxide were stored at -20°C, and diluted with Ca-free artificial sea water (Jamarin Laboratory, Osaka) just prior to use. Hexylene glycol was dissolved at 10% or 20% in Ca-free sea water, stored, and used after diluting with Ca-free sea water just prior to use (6, 23) .
Treatment with microtubule poisons and observation by indirect immunofluorescence. The gametes of the sea urchin, Hemicentrotus pulcherrimus, and the sand dollar, Clypeaster japonicus, were obtained and the zygotes were allowed to develop as described previously (19) . The suspension of developing eggs gathered at the bottom of a dish was mixed with more than a 50-fold greater volume of 30 or 60 juM colcemid, 4 or 40juM nocodazole, or 5, 7.5, 10, or 20% hexylene glycol in Ca-free sea water using a glass capillary. After an appropriate time, these treated eggs were put into an extract buffer (10 mM EGTA, 0.55 mM MgCl2, 25% glycerol, 1% Nonidet P-40, 2.5 mMphenylmethylsulfonyl fluoride, and 25 mMMES, pH 6.8). For premitotic treatment, eggs before insemination or 25 min after insemination were treated with 2juM colcemid for 2.5 or 4.5 min and allowed to develop after washing 3 or 4 times with Ca-free sea water. The extraction and indirect immunofluorescence were performed as described previously (19) . The first antibodies used in this study were D2D6, DMIB,and YL1/2, which are specific for spindle microtubules, astral microtubules, and reactive with both microtubules, respectively, as described previously (19). YL1/2, a monoclonal anti-tubulin antibody specific to tyrosinated atubulin (18), was purchased from Sera-Lab, England. DM1B, a monoclonal anti-/3-tubulin antibody (3), was purchased from Amersham, England. D2D6, a monoclonal anti-tubulin antibody against squid nerve a-tubulin was raised by Arai and Matsumoto (1).
Observation was carried out by fluorescence and differential interference contrast microscopy, and photographs were taken on 35 mmfilm as described previously (19).
RESULTS
For this study, we used two species of sea urchins, Clypeaster japonicus and Hemicen trotus pulcherrim us, These microtubules in the small spindle became reactive with DM1Bas well as with D2D6 and YL1/2 (Figs. 3g, h, i). All microtubules in the egg depolymerized with 3 min treatment (data not shown). Figure 4 shows fluorescence micrographs of the eggs treated with nocodazole at the lower concentration (4 juM). By 1 min treatment, a considerable fraction of the astral microtubules depolymerized and the spindle became short and narrow (Figs. 4a, b, c) . These spindles became stained slightly with DMIB (Fig. 4c) ; however, heterogeneous staining patterns obtained by D2D6and DMIBwere not changed completely. By 3 min treatment, most of the astral microtubules depolymerized and spindle microtubules shrank further and became bundles, which is a different phenomenon from that in the tgg treated with 40 juM nocodazole and with colcemid. It seems likely that the main constituent of the bundle is kinetochore microtubules. The bundle was stained with DMIB ( Fig. 4f) , indicating that the difference in patterns stained with antibodies disappeared, as shown in the eggs treated with nocodazole at higher concentration.
Effect ofhexylene glycol. Hexylene glycol, which is known as a microtubule-stabilizing drug, induced microtubule polymerization in mitotic sea urchin eggs, and resulted in the increase in the number of spindle and astral microtubules, as reported by Rebhun and Sawada (23) , and Endo et al. (6) . In the case of 5%hexy-lene glycol treatment, spindle microtubules polymerized and reached the equator during all mitotic stages (Fig.  5 ), but chromosomes remained at the same position in the spindle as before the treatment. This indicates that the mitotic stage of each egg at the time whenhexylene glycol treatment started can be judged from the position of the chromosomes.The mitotic apparatus becameslightly smaller, although microtubules were polymerized and increased in number and changed to the form of two concentrated spheres. Therefore, the mitotic apparatus was not only stabilized, but its morphology was also unusually transformed by the treatment with the microtubule-stabilizing drug, hexylene glycol. D2D6became reactive with the amphiaster as well as with the spindle, which indicates that D2D6 became reactive with whole microtubules in the egg instead of YL1/2 (Figs. 5b, e, h ) because the central region of the mitotic apparatus lost its reactivity with YL1/2 (Figs.  5a, d, g ). DM1Bdid not stain or only slightly stained the mitotic apparatus (Figs. 5c, f, i) . However, DM1B stained the peripheral regions of the asters in later stages (anaphase and telophase).
In this experiment, microtubule stabilization caused by the hexylene glycol changed not only the morphology of the mitotic apparatus, but also the distribution of tubulin isotypes; astral microtubules became reactive with D2D6and lost reactivity with DM1B. In the peripheral cytoplasm of the metaphase egg treated with 5% hexylene glycol, many cytasterlike structures, which were called "miniasters" by Endo et al. (7), appeared. The number of miniasters in an egg decreased but microtubules in single miniasters increased when the treatment time increased (Figs. 5d, g ). At anaphase, instead of miniasters, network-like microtubules without centers polymerized in the peripheral cytoplasm. These patterns of cytoplasmic microtubules such as miniasters and network-like microtubules agreed with those reported by Endo et al. (7) . All three antibodies stained peripheral miniasters and network-like microtubules brightly (Figs. 5g, h, i) , which indicates that there is no heterogeneity in newly polymerized microtubules in the egg cytoplasm. In order to stabilize microtubules more quickly, eggs were treated with hexylene glycol at higher concentrations (7.5, 10, or 20%) for short times. The higher the concentration of hexylene glycol, the more and the shorter microtubules polymerized in the cytoplasm within 2min (Fig. 6) . At metaphase, when the treatment with 7.5% or 10% hexylene glycol was prolonged to 10 min, miniasters appeared in the peripheral cytoplasm and each miniaster in the egg treated with 10%hexylene glycol had fewer microtubules than in that treated with 7.5% hexylene glycol.
However, miniasters did not form at 20%hexylene glycol, whereas many short microtubules polymerized randomly. These polymerized microtubules were stained with all three antibodies (Figs. 6g, h, i) . On the other hand, the number ofmicrotubules polymerizing in the mitotic apparatus decreased when the concentration of hexylene glycol increased to 10% (Figs. 6d, e, f) . Increase in the microtubule number did not occur in the mitotic apparatus, or the mitotic apparatus did not transform at 20% (Figs. 6g, h, i) . Therefore, the mitotic apparatus in these micrographs appears to decrease in contrast to observation by fluorescence microscopy because of the increase in fluorescence intensity of immunofluorescently stained cytoplasmic microtubules, but not because of the decrease in the fluorescence intensity of the mitotic apparatus. These phenomena seem to occur because all unpolymerized tubulin in the egg cytoplasm before treatment polymerized at once in the cytoplasm at a high concentration of hexylene glycol, independent of the neighboring microtubule nucleating center or the end of microtubules. microtubules were more stable than non-kinetochore microtubules (30, 31) . The former microtubules were also more stable than the latter to cold treatment in PtKl cells and crane fly spermatocytes (24, 25, 28) .
Therefore, the bundles of spindle microtubules were considered to be that of kinetochore microtubules. Whenspindle microtubules were treated with microtubule-depolymerizing drugs for 20 sec to a few min, the spindle became short. Inoue (15) observed that the chromosomesmoved to the egg surface by colchicine treat-ment when the spindle of Chaetopterus oocyte shrank.
These facts indicate the presence of interactions among the spindle microtubules during depolymerization. Therefore, the bundles of spindle microtubules in the egg treated with 4juM nocodazole are thought to be formed as a result of interaction among the kinetochore microtubules. The bundling of spindle microtubules was also reported in the PtKl cell treated with nocodazole (30, 31) and in the PtKl cell (24) and crane fly cells (25, 28) treated at low temperature. Relationship between distinct function and different distribution of tubulin isotypes in the mitotic microtubules of the sea urchin. Wehave recently shownthat there is a difference in tubulin isotypes between spindle and astral microtubules in the mitotic apparatus of the sea urchin eggs using monoclonal anti-tubulin antibodies (19). In this study, we demonstrate that the treatment of the mitotic eggs with microtubule poisons caused the transformation of the mitotic apparatus and changes in the heterogeneous distribution of tubulin isotypes in the mitotic apparatus. It should be noted that the treatment caused a loss of the function of the mitotic apparatus. The premitotic treatment with colcemid for a short period madethe mitotic apparatus small. However, the treatment caused neither loss of the function of the mitotic apparatus nor changes in the heterogeneous distribution of tubulin isotypes. These results suggest that the loss of the function is due to the change in the distribution of the tubulin isotypes. This conclusion strongly supports the multi-tubulin hypothesis that microtubules composed of different isotypes are involved in different cellular functions (4, 8, 21) . The mechanism of heterogeneous distribution of tubulin isotypes in the mitotic apparatus and the change in the distribution by the treatment with the mitoticpoisons. Distributions of tubulin isotypes in the sea urchin mitotic apparatus are summarized schematically in Fig. 7 . Therows ofA, B, and CinFig. 7 showthemitotic microtubular structures at depolymerizing, normal, and stabilizing states, respectively. The columns in the figure showmicrotubule reactivity with three monoclonal antibodies, D2D6, YL1/2, and DM1B. In normal eggs, D2D6 stains the spindle and the center of asters (Fig. 7d ), YL1/2 stains the whole mitotic apparatus (Fig. 7e) , and DM1Bstains only the asters (Fig. 7f) . As described previously, it is reported that the spindle microtubules are morestable than the astral microtubules in the sea urchin. These results strongly suggest that the stable microtubules are composedof different tubulin isotypes from those of the unstable microtubules. D2D6 and DMIBreact specifically with the isotypes localized in the stable and the unstable microtubules, respectively, and YL1/2 reacts with the isotypes distributed in both microtubules. D2D6 also stains the spindle even after the asters depolymerized (Fig. 7a) . In the stabilizing state by the treatment with hexylene glycol, astral microtubules become stable and therefore obtain the reactivity with D2D6 (Fig. 7g) . DMIBstains the periphery of the amphiaster and miniasters in the peripheral cytoplasm in the stabilizing state (Fig. 7i) . In the depolymerizing state after the asters disappear, the spindle microtubules became unstable and changed to be stained with DMIB (Fig. 7c) . The weak reactivity of spindle microtubules with YL1/2 in the stabilizing state (Fig. 7h) may be caused by the detyrosination of a-tubulin in the microtubules after polymerization. It has been reported that tyrosinated a-tubulin converted to detyrosinated tubulin after polymerization (10) and the detyrosinated tubulin was distributed in the spindle but not in the aster (9). The heterogeneous distribution of tubulin isotypes in the spindle and the aster is easily realized whenenough tubulin is present in the cytoplasm. In other words, a tubulin isotype is favored to polymerize to microtubules composedof the same isotype in corporation to microtubules composed of different isotypes when the concentration of the nonpolymerized tubulin is high. In contrast, polymerization of some tubulin isotypes to microtubules composedof other isotypes frequently occurs when the tubulin pool is not large enough. Both microtubule-depolymerizing and -polymerizing drugs reduce the tubulin pool. The former binds to nonpolymerized tubulin and makes it unable to polymerize. The latter causes a decrease in the critical concentration for polymerization and reduces the concentration of nonpolymerized tubulin. Twomechanisms can be considered to explain the change in the heterogeneity of rnitotic microtubules: (1) modification of mitotic microtubules after polymerization alters the isotype of tubulin in the mitotic apparatus, and (2) tubulin subunits of mitotic microtubules exchange with other tubulin isotypes in the cytoplasm by means of dynamic instability and/ or subunit exchange along the microtubule. However, wecannot completely rule out the possibility that the change in the distribution of microtubule-associated protein(s) alters the staining pattern because the microtubule-associated protein(s) might block the interaction between the monoclonal antibody and the tubulin isotype. It seems likely that (1) explains the hexylene glycol-induced change in the reactivity of spindle microtubules with YL1/2 as described previously (Fig. 7h) .
From (2), the following is expected. By reducing the pool by meansof nocodazole or colcemid treatment, subunits in depolymerizing kinetochore microtubules would exchange with all isotypes in the cytoplasm. This random exchange results in the phenomenonwhere in the remaining kinetochore microtubules are reactive with all antibodies, because it is known that all tubulin molecules of microtubules in the sea urchin mitotic apparatus exchange with cytoplasmic tubulin within 30 sec (12, 26) . The answer will be found when quantitative analysis of the tubulin isotypes, before and after treatment with microtubule-poisoning drugs, is carried out. If (1) is true, the amount of each tubulin isotype will change during the treatment, and if (2) is true, the amountof each tubulin isotype will not change.
